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ABSTRACT: Group-10 layered transitional metal dichalcogenides including PtS2, PtSe> and
PtTe> are excellent potential candidates for optoelectronic devices due to their unique properties
such as high carrier mobility, tunable bandgap, stability and flexibility. Large-area platinum
diselenide (PtSe2) with semiconducting characteristics is far scarcely investigated. Here, we
report on the development of a high performance photodetector based on vertically aligned
PtSe2-GaAs heterojunction which exhibited a broadband sensitivity from deep ultraviolet (DUV)
to near infrared (NIR) light, with peak sensitivity from 650 to 810 nm. The hight//dark ratio and
responsivity of photodetector were 3x10* and 262 mA W ! measured at 808 nm under zero bias
voltage. The response speed of i/t were 5.5/6.5 us, which represented the best result achieved
for Group-10 TMDs based optoelectronic device thus far. According to first-principle density
functional theory, the broad photoresponse ranging from visible to near infrared region is
associated with the semiconducting characteristics of PtSe> which has interstitial Se atoms within
the PtSe: layers. It was also revealed that the PtSe»/GaAs photodetector did not exhibit
performance degradation after 6 weeks in air. The generality of the above good results suggests
that the vertically aligned PtSe:zis an ideal material for high-performance optoelectronic systems

in the future.
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INTRODUCTION:

The layered two-dimensional transition disulfides (2D TMDs) with common formula of MX>
(The M denotes a transition metal and X is a chalcogen atom, with strong in-plane covalent
bonding and anisotropic layer structure with weak van der Waals bonding between layers), have
attracted great attention in the past decade due to their distinctive material properties, e.g. tunable
open bandgap, high carrier mobility, strong nonlinear optical properties,!'>) which may

potentially bring the revolutionary changes in diverse fields including electronics, photonics,!® 7

(19 and so on. As a new Group-10 TMDs based materials,

catalysis,'® laser,®) renewable energy
PtSe2 has come under spotlight for its tunable bandgap transition from monolayer (1.2 eV) to
semimetal at bulk with zero bandgap. To date, a number of synthetic strategies have been
developed for the fabrication of PtSe: layer. For instance, PtSe: flakes can be mechanically
exfoliated from bulk PtSe» crystal but with very small and uncontrollable sample size.l'!l To
obtain larger size sample, Wang et al for the first time grew monolayer PtSe: film through
molecular beam epitaxy-assisted selenization process.['?! Recently, the efforts of synthesizing
polycrystalline PtSe: film by either chemical reaction or thermally assisted conversion (TAC) at
low temperature has been reported.!3 !> The PtSe: films derived by the above method are
horizontally aligned. It has been experimentally observed that PtSez exhibits very good stability
in air (>1 year). !> 121 In addition, high mobility of PtSe: has been predicted among the highest in
TMDCs, which is comparable to that of black phosphorus.!''! Because of these appealing
properties, PtSe> has shown potentially important applications in various nano-devices, such as
field-effect transistors,!'%! and photocatalyst.['”! What is more, for the first time, a Si-PtSe> hybrid
structure by combining vertically stacked PtSe: thin film with Si was fabricated, which can act as
a sensitive gas sensor with extremely short response.l!*! It was also found that like traditional
metal-semiconductor (M-S) photodiode, the as-fabricated PtSe>-Si structure exhibited
pronounced photovoltaic characteristics, and was highly sensitive to 920 nm laser illuminations

with very high responsivity.

Near infrared (NIR) light photodetector is vitally important for both military and civil
applications including optical telecommunication, target imaging, remote version, time

surveillance and environmental monitoring.['® ') Nowadays, the commercial IR photodetectors
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are dominated by narrow-gap semiconductors such as PbS, PbSe, PbTe , HgTe and HgCdTe.!?- 2!l

These materials normally entail the usage of sophisticated fabrication facility. [2!2*! Silicon based
NIR photodetectors are also emerging recently. However, the fabrication of silicon NIR
photodetectors is usually characterized by growth of narrow-gap Ge, GeSi, and HgCdTe thin film
on Si using molecular beam epitaxy (MBE). Even though the above devices have high sensitivity,
it is undeniable that the fabrication process is time consuming. What is more, the fabrication cost
is relatively high.** 2! Considering the relatively small bandgap, PtSe> may find possible
application in NIR detection.

In this work, we report on the synthesis of vertically aligned PtSe: multi-layer film with
semiconducting characteristics for high-performance photodetector application. The PtSe: films
were synthesized by a simple selenization method, which has the obvious advantages in terms of
low cost, large size and well controlled overall film thickness, in comparison with conventional
chemical vapor deposition (CVD) method and mechanical exfoliation.[*! Based on the vertically
aligned PtSe: multi-layer film, we assembled a PtSe2-GaAs heterojunction which exhibited a
broadband sensitivity to illumination ranging from deep ultraviolet (DUV) to near infrared (NIR)
light. Optoelectronic analysis revealed that the /on/loff ratio, responsivity, specific detectivity and
response speed of photodetector were 3x10% 262 mA W', 2.52 x 10'> Jones and 5.5/6.5 ps,
respectively, which were comparable to or better than those of other TMDs photodetectors.
Moreover, the present PtSe2/GaAs heterojunction showed obvious sensitivity in the range of
visible-near infrared, which was probably associated with the interstitial Se atoms, according to
our DFT theoretical simulation. This study suggests that the present vertically aligned PtSe: film

is a good candidate for assembling high-performance optoelectronic devices.

RESULTS AND DISCUSSION

The scheme in Figure la illustrates the procedures to fabricate the PtSe2/GaAs
heterojunction photodetector. The as-prepared PtSe: film was transferred onto the n-GaAs with a
predefined window. An Ag paste was used as the top contact to PtSe2, whereas 50 nm Au served
as the back contact to n-GaAs. In this study, the PtSez was fabricated by a simple selenization of
Pt thin film on a SiO2/Si wafer (Figure S1). From the photograph shown in Figure 1b, it can be

clearly seen that the color of Si/SiO2 wafer changes slightly from navy to slate gray, when the Pt
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was transformed to PtSex. Figure 1c displays an AFM image of the PtSe: film, in which a height
profile along with the marked line is given in the inset diagram and the thickness of PtSe: is
approximately 35 nm. With the availability of large area PtSe2 nanofilm, we are able to study the
Raman spectrum of PtSez. As revealed in Figure 1d, the peak centered at 177 cm™ can be
assigned to the Eg in-plane vibrational mode of Se atoms and the peak centered at 206 cm™to the
A1y out-of-plane vibration mode.?”l Further XRD pattern in Figure le is characterized by three
diffraction peaks located at 17.14< 44.28<and 53.86<due to the (001), (102) and (003) crystal
planes of PtSe2. According to the XPS analysis, there are two peaks at 73.55 and 76.85 eV that
are related to Pt 4f72 and Pt 4fs/2 orbitals, respectively, whereas the binding energies for the Se

3ds2 and Se 3da2 are located at 54.85 and 55.65 eV.[1€]

By studying the morphology using field emission scanning electron microscopy (FESEM), it
can be easily found that the as-synthesized film is continuous and uniform in Figure 2a. The
magnified three-dimensional AFM surface topography was shown in the right panel of Figure 2a,
indicating the PtSe2 film has a relatively smooth surface. The atomic ratio of Se/Pt inspected by
energy-dispersive X-ray (EDS) spectroscopy was determined to be 2.11/1 (inset of Figure 2Db),
which is slightly higher than the stoichiometric composition of PtSez. Figure 2c-d shows the
TEM images of the PtSe: layer at different magnifications, revealing that the PtSez is
polycrystalline with a vertically aligned layered structure. This special structure of PtSe: was
different from the result of Ref. 13, in which vertically stacked PtSe: was obtained.!!’]
Understandably, such a difference is related to the usage of Pt thin film precursors with different
thickness (0.5 nm Vs 12 nm). According to previous study, such a difference in Pt thickness
means different density, compactness and roughness of Pt, which therefore leads to PtSe> with
different alignment during selenization process. 1**?°! The detailed reason for the formation of
vertically aligned PtSe: is complicated and needs further investigation. The thickness of the PtSex
film is estimated to be 35 nm, according to cross-sectional TEM image as shown in the inset of
Figure 2d. Further diffraction rings from inside to outside can be readily ascribed to the (001),
(100), (101), (110), (200) and (212) planes of PtSez. *% It should be noted that, the interlayer
distance of the vertically grown PtSez has a wide distribution from 0.44 nm to 0.64 nm, with an

average value of 0.58 nm. Such an interlayer distance is relatively larger than previously reported
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value (~0.52 nm).!'"”] Considering the excessive amount of Se atoms in the PtSez (Pt/Se=1/2.11)
measured by EDS, it can be easily concluded that such an increase in interlayer distance is due to
the interstitial Se atoms, which are normally located at gap between the interlayers. In addition,
according to scanning transmission electron microscope (STEM) image and EDS elemental
mapping analysis, both Pt and Se are homogeneously distributed over the whole film in Figure

S2.

The as-fabricated PtSe2/GaAs heterojunction exhibits a typical rectifying behavior without
light illumination, as indicated by the dark curve in Figure 3a. In light of the good contact of both
Ag/PtSe> and Au/GaAs (Figure S3, Supporting Information), the above nonlinear -V
characteristics stems from heterojunction formed at PtSe2/GaAs contact. The rectification ratio is
determined to be ~ 120 at + 2 V, which is higher than previously studied graphene/GaAs Schottky
junction (~ 24, ~ 49, ~ 100). [1%:31:32] Figure 3b shows the photoresponse characteristics when the
incident light (808 nm, 44.2 mW/cm?) was switched on and off repeatedly. Clearly, the current of
heterojunction significantly increases with light irradiation on, giving stable and repeatable lon/loft
of 3 x 10% It is also revealed that the fabricated device can be reversibly switched quickly
between low and high current states with steep rise and fall edges, indicating that electron-hole
pairs could be effectively generated and separated in the PtSe2/GaAs heterojunction. In fact, the
photocurrent of the device is highly dependent on the light intensity. Figure 3c plots the /-V
curves under the light intensities ranging from 0.52 to 38.5 mW/cm?. Apparently, with the
increase of light intensity, the photocurrent is observed to increase gradually. So, it is easily noted
that the device exhibits pronounced photovoltaic behaviors under light illumination within the
measurement range from -0.4 to +0.4 V, indicating the PtSe2/GaAs heterojunction can function as
a self-driven photodetector.[**] Further photoresponse characteristic in Figure 3d shows that the
PtSe2/GaAs device can be switched between on and off states under varied light intensity with

good reproducibility.

To evaluate the device performance of the current PtSe2/GaAs photodetector, the
responsivity (R), specific detectivity (D) and response speed were then calculated. R is defined as

the photocurrent generated per unit power of the incident light on the effective area and was
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obtained from the experimental data by using the formula:

R(AW 1) = I;_sd (1)

opt

where Ipis the photocurrent, lathe dark current, Popt the incident-light intensity, S the effective
illuminated area (S = 0.04 cm?). On the other hand, the D* represents the ability of a detector to
detect weak optical signals, which can be calculated from the following equation:

D*= A’2R/(2ql,)? ®)
where A4 is the effective area of device (4 = 0.09 cm?), ¢ the electronic charge and R the
responsivity respectively. Based on Equation (1) and (2), R and D* of PtSe2/GaAs heterojunction
were estimated to be 262 mAW™! and 2.52x10'? Jones under light intensity of 0.11 mW/cm? at
zero bias voltage, respectively. Figure 3e plots both R and D* under illumination of various light
intensities. It is noted that both R and D* of photodetector reduced with increasing light intensity.
This finding is understandable as the photo-generated electrons can be captured by the trap states
under lower light intensity, therefore leading to a reduce in recombination possibility.**: 35 In
addition, the photocurrent current as a function of the light intensity is shown in Figure 3f and the
curve was fitted to obtain law of Jyo<P%%3. The nonunity exponent of the law is due to the
complex process of electron-hole generation, trapping and recombination activity within the
PtSe2/GaAs heterojunction. ¢!

Next, the wavelength-dependent responsivity and specific detectivity of the PtSe»/GaAs
device were studied. Figure 4a shows the continuous spectral responsivity in the range from
200-1200 nm. Obviously, this device exhibits broad photoresponse, with peak response in the
range from 650 to 810 nm. Such peak response can be exclusively attributed to the contribution
from PtSe: layer, when compared with the spectral responsivity of PtSe», GaAs and Pt/GaAs
devices, shown in Figure S4. In Figure S4a, the pure PtSe: exhibits a high responsivity from
500-810 nm and the responsivity values decrease when the incident light wavelength outside this
wavelength region. Due to the limited light absorption arising from the small thickness, the
absolute responsivity value of the pure PtSe:z is much lower than that of PtSe2/GaAs. On the other
hand, for PtSe»/GaAs device, the photocurrent is mainly contributed by the generation of

photocarriers in GaAs, which could be confirmed by the much higher responsivity value and the
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sharply decreased responsivity at ~810 nm similar to that of pure GaAs and Pt/GaAs devices
(Figure S4b and c). In addition, due to the relatively strong light absorption of PtSe: from
500-810 nm, photocarriers generated in PtSe: also contribute to the photocurrent, which
eventually gives a high responsivity from 500-810 nm with peak values from 650-810 nm. The
maximum R and D* values are ~ 0.262 A/W and 2.52 x10'? Jones, which are comparable to the
reported values for graphene-based photodetector (R~1.73 mA/W, D*~1.83x10'" Jones),!®!
MoS2/GaAs (R~0.43 mA/W, D*~2.28x10" Jones),*”] and multilayer MoS: phototransistor
(R~120 mA/W, D*~10' Jones).*®] As we will discuss later, this abnormal spectral selectivity is
associated with the semiconducting characteristics of PtSez layer. It is worth noting that even
though the responsivity is relatively low in deep UV and near infrared range, the present PtSe:
films based device is still able to detect both deep UV and near infrared light illumination. As
shown in Figure 4c-d, the PtSe2/GaAs device can be readily switched between
low-/high-conduction states, when the illumination with repeated turn on and off. The excellent
reproducibility suggests that this device may also find application for broadband

photodetectors.!

It is known that GaAs based photodetectors usually exhibit the strongest sensitivity at
around 850 nm, ['® 4% due to the band gap of 1.42 eV. This is quite different from the present
GaAs/PtSe2 device with peak photoresponse in the range from 650 to 810 nm. Such a difference
in spectral selectivity is without question attributed to the PtSez. To unveil the authentic origin
behind this phenomenon, we then studied the electronic band of various structures by
first-principle density functional theory (DFT) calculation. The geometrical and band structures
of the PtSez thin films with 1-, 2-, and 3-layer are presented in Figure 5(a-c). One can see from
the figure that the PtSez thin films with 1- and 2-layer show semiconducting characteristics, and
the band gap clearly becomes smaller from 1 layer to 2 layers. As the thickness of thin films
increase to 3 layers, the metallic character occurs. Therefore, following this decreasing trend of
band gap, one can conclude that the present free-standing PtSez thin films possess metallic
behavior, which is consistent with previous study.*™ 4! Like graphene, this metallic behavior
however cannot induce a change in spectral selectivity in that the bandgap was not opened up. So,

the doping effects on electronic structures of the PtSez thin films, Se-vacancy, Pt-vacancy, and
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the interstitial incorporation of Se between two neighboring layers are then taken into account in
the supercells. In view of the computational cost, the 3>3 supercell of the PtSez thin films with
3-layer is employed in the calculation. In this supercell, the separation between the neighboring
dopants is larger than 11 A. This distance facilitates to reduce the interaction among the dopants.
On the other hand, the PtSez thin films with 3-layer has similar metallic character as the thin film
with more layers. The Se-vacancy and Pt-vacancy are modeled in the topmost and bottommost
layers, and the interstitial atoms of Se are incorporated between the two neighboring layers of the
supercell. The band structures in Figure 5(d-f) indicate that the PtSez thin films with the
Se-vacancy and Pt-vacancy both possess metallic characters, whereas the system with the
interstitial incorporation of Se is semiconducting. It is noted here that in the present work the
PtSe2 thin films are synthesized in the Se-rich condition. This will facilitate Se atoms to
interstitially incorporate into parallel layers. In this type of doping, the atomic ratio between Se
and Pt is more than 2, which are consistent with the present experimental measurements (See
inset of Figure 2b). To further study the concentration influence of the interstitial incorporation of
Se on electronic structures, the band structures of the 2>2 and 4>4 supercells with 3-layer are
calculated and presented in Figure S5. It can be seen from the figure that the defect levels is
largely determined by the doping concentration. Based on the above results, it can be easily
concluded that the interstitial incorporation of Se between two layers (see Figure 2f), can lead to
the opening of bandgap of PtSez, and therefore will be responsible for the shift in spectral

response.[?]

To further understand the photoresponse and spectral selectivity of the photodetector under
light irradiation, we correlated the response characteristic with carrier transport process and the
energy band diagrams of PtSe2/GaAs heterojunction structure and proposed a mechanism here
based on the above results (see Figure 6a). Thus, work function of PtSe: is investigated by using
ultraviolet photoemission spectroscopy (UPS) as shown in Figure S6a, indicating that Fermi level
of the PtSez is located at 5.12 eV, [*¥ which is higher than that of GaAs. The typical transfer of
the fabricated transistor based on PtSe> films is shown in Figure S6b, indicating the p-type
behavior of prepared PtSe:2 films. Due to difference in Femi level (EF), once the p-type PtSez is in

contact with n-type GaAs, the electrons would diffuse from GaAs into PtSez2 while holes should
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diffuse from PtSe: in to GaAs. Therefore, the energy levels near the GaAs surface will bend
upward whereas the energy levels near PtSe> surface will bend downward, eventually the Fermi
levels of PtSe2 and GaAs align in the same level, leading to the formation of built-in electric field
near the PtSe2/GaAs interface.*] As often observed in graphene/semiconductor interface, under
light irradiation, the electron-hole pairs will be generated in GaAs at the interface, and then
separated by the built-in electric field as shown in Figure 6b, giving rise to generation of
photocurrent. Due to the interstitial Se atoms during this photosensing process, parts of PtSez
layer will also strongly absorb incident light with wavelength of 650-810 nm, converting the
photons to electron-hole pairs, and finally contribute to the photocurrent in the external circuit.

Namely, the PtSe2/GaAs heterojunction display the stronger sensitivity between 650 and 810 nm.

The response speed is another critical parameter of photodetectors, which reflects the ability
of a photodetector to follow a varied optical signal.?> %! The response speed of PtSe»/GaAs
heterojunction was measured by using a chopped laser beam with varied frequencies to generate
pulsed light. The schematic illustration of the measurement is shown in Figure 7a, in which the
temporal photoresponse signal (photovoltage with time) was recorded by a digital oscilloscope
under the illumination of the pulsed red diode laser with several different frequencies from 100
Hz to 50 kHz. Figure 7b-d shows that the photoresponse of the heterojunction device to pulsed
light. Obviously, the response is very fast with excellent good repeatability in the frequency 1
kHz, 5 kHz, 50 kHz. From the magnified photoresponse curve in Figure 7e, the response time can
be quantified. In the time domain, the speed of a photodetector is often characterized by the
rise/fall time (t/tr). The time needed for the current to increase from 10% to 90% of the peak

[46] Our device yield a rise

value or vice versa is defined as the rise and fall time, respectively.
time (1r) and fall time (tr) of 5.5 and 6.5 pus at zero external bias voltage, respectively. However,
this response speed is slightly slower than the results at - 2 V at the same frequency of 50 kHz
(Optoelectronic study and test at - 2 V refer to Figure S7) due to a reduced depletion layer
capacitance under reverse bias.l*’l It is noted that the response speed is faster than other 2D

48-33] Quch a relatively fast response speed is related

materials based photodetectors (see Table 1).!
to the special structure, which is beneficial for the separation and transport of photo-generated

electron-hole carriers. As a matter of fact, this response speed can be further optimized by
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reducing the capacitance of the device or the thickness of the GaAs material. Besides, the relative
balance (Vmax-Vmin)/Vmax of the photovoltage as a function of frequency in a range of 100 Hz ~ 50
kHz was depicted in Figure 7f. The 3-dB frequency that was defined as the frequency at which
response dropped 0.707 of the initial value was estimated to be 8 kHz and the relative balance
only decreases by less than 20% even at a high frequency of 50 kHz, suggesting that the

PtSe»/GaAs heterojunction photodetector is capable of monitoring fast optical signals.>%!

The long-term stability of photodetector remains an important concern for device application.
Therefore, we investigate the air stability of PtSe2/GaAs photodetector by placing sample in air
for 6 weeks without any encapsulation. Remarkably, the device showed high stability, and no
obvious degradation in sensitivity was observed (Figure 8a-b). The high device stability is not
only directly associated with excellent air stability of PtSez film and GaAs, but also the high
quality of heterojunction based PtSe2/GaAs. As illustrated in Figure 8c, the XPS spectra of the
aged PtSe2 sample are virtually unchanged after 6 weeks storage in air. Moreover, the Raman
spectra of the pristine PtSe2 and the sample after 6 weeks aging in air were shown in Figure 8d. It
is clearly observed that Raman spectra of the aged sample are similar to the pristine PtSe>. These
results indicate the stability of PtSez in air is much better than that of black phosphorus.!
CONCLUSION
In summary, we have demonstrated an air-stable, self-powered and broadband photodetector
based on vertically aligned structure PtSe>/GaAs heterojunction. Such a heterojunction structure
has exhibited broad sensitivity to illumination ranging from DUV to NIR light, with peak
sensitivity to illumination ranging from 650 to 810 nm at zero bias voltage. The lon/lofr ratio,
responsivity, specific detectivity and response speed of the studied photodetector were estimated
to be 3x10%, 262 mA W, 2.52x10'? Jones and 5.5/6.5 ps, respectively, which were comparable
to or better than that of other TMDs photodetectors. Further DFT theoretical simulation results
revealed that the peak sensitivity in the range from 650 nm (visible) and 810 nm (near infrared)
was probably related to the interstitial Se atoms in PtSez films, which will lead to opening the
bandgap. It is expected that the high-performance PtSe2/GaAs heterojunction photodetector
demonstrated in this paper will open up a new pathway for the development of next-generation

2D Group-10 materials based optoelectronic devices.
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METHODS

Materials Synthesis and Characterization: The PtSe: in this work was grown by a simple
selenization method. In brief, 12 nm Pt film was firstly deposited on SiO2/Si (300 nm SiO:
thickness) using magnetron sputtering system. The metal-deposited SiO2/Si substrates were
placed at the center zone of the growth furnace and elemental selenium powder (99.99% purity)
were placed at the upstream side. Selenium was evaporated at 220°C dragged by 50 SCCM
(Standard Cubic Centimeter per Minutes) argon flow. The center temperature of the tube furnace
was set to be 420 °C. After selenization for 1 hour, a thin film gray in color, will be formed at the
substrate. The absorption spectra of PtSe2 on quartz glass, GaAs substrate, and PtSe2/GaAs
heterojunction were recorded using a Perkin ElImer Lambda 900 UV/VIS/NIR spectrometer. The
Raman spectra measurements were carried out on a HORIBA Raman spectrometer with a 488 nm
argon ion laser. The X-ray diffraction (XRD) pattern was recorded using a RigakuSmartLab
X-ray diffractometer. The topography of samples was obtained by atomic force microscopy
(AFM, VeecoNanoscope V). The morphology of the PtSe2 was observed by scanning electron
microscope (SEM, JEOL Model JSM-6490). The XPS measurements were performed using a
monochromatic Al Ka s+-ource (1486.6 eV) produced by the XPS system. The morphology,
crystal structure and chemical composition were investigated using a field emission transmission
electron microscope (FETEM, JEOL Model JEM-2100F), equipped with an energy dispersive
spectrometer (EDS).

Device fabrication and characterization: To fabricate the PtSe2/GaAs heterojunction
photodetector, a 200 nm-thick SiO:2 film was deposited on a GaAs wafer using a shadow mask to
form a window (0.3 cm x 0.3 cm), in which the PtSez film will be transferred. The PtSe2 films
were spin-coated with 5 wt. % polymethylmethacrylate (PMMA) in chlorobenzene, and then the
underlying SiO2/Si was removed in NaOH solution. The PtSez film was rinsed in deionized water
to remove the remaining ions. Afterwards, the above GaAs was soaked in deionized water
solution, and then slowly lifted to transfer the PtSez films on GaAs surface. Finally, a drop of Ag
paste was then placed at the centers of the PtSe2 films. The optoelectronic characterization of the

device was performed using a semiconductor parameter analyzer system (Keithley 4200-SCS) at
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room temperature. To investigate the spectral response and response speed of the heterojunction
devices, a home-built optoelectronic system composed of a light source (LE-SP-LS-XE), a
monochromator (LE-SP-M300), an oscilloscope (Tektronix, TDS2012B), and an optical chopper
(LE-0c120) was employed.

Computational Method: All calculations are performed based on density functional theory
(DFT) method implemented in the Vienna ab initio simulation package (VASP).F6-% The
exchange correlation potential is approximated by the generalized gradient approximation (GGA)
with Perdew-Burke-Ernzerhof (PBE) functional.[®®) To describe correctly van der Waals (vdW)
interaction, the DFT-D3 method with Becke-Jonson damping is employed in the calculation.!!]
Electronic wave functions are expanded using a plane-wave basis set with a cutoff energy of 350

eV. The PtSe2 thin films can be cleaved from the (0001) surface of the bulk which belongs to the
D3, (Péml) space group of the trigonal system. In the PtSe: thin films with 1-layer, one atomic

layer of Pt is sandwiched between two atomic layers of Se. For the PtSe2 thin films with 1-, 2-,
and 3-layer, the 11 primitive cells are chosen and a k-point set of 40x40x1 are employed In
geometrical optimization and electronic structure calculations. For the PtSez thin films with
3-layer, the 2>2, 3>3, and 4>4 supercells are used to investigate the doping effects on the
electronic structures. In geometrical and electronic structure calculations, the k-point sets of
35x35x1, 25x25x1, and 15x15%1 are employed for these three supercells, respectively. A
vacuum space of 20 A is used along the z-direction perpendicular to two dimensional planes to
eliminate the interaction among the periodic images. The full-relaxation of structures is carried
out until the force component on each atom is less than 0.01 eV/A, and the convergence criterion

is 107 eV for energy.
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Figure 1 (a) Schematic illustration of the fabrication steps of PtSe,/GaAs heterojunction based photodetector. (b)
Photographs of SiO,/Si wafer, Pt/SiO,/Si, PtSe,/Si0,/Si. (c) AFM image of the PtSe, film on the SiO,/Si substrate,
the inset shows the height profile along the white line marked in (c). (d) Raman spectra of PtSe, nanofilm. (¢) XRD
pattern of PtSe; film and inset shows three-dimensional atomic structure diagram of sample. (f-g) The high resolution

XPS spectra of Pt 4f and Se 3d.
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Se 50.40 67.89
Pt 49.60 32.11
Total 100.00 100.00

Intensity (a.u.)

®
{7

Figure 2 (a) The FESEM image of PtSe, image on a SiO/Si wafer, the inset shows three dimensional AFM image of
PtSe,. (b) The EDS spectrum of the PtSe, sample. (c-d) TEM images of synthesized PtSe; nanofilm with different

magnification. (¢) The SAED pattern of the PtSe, sample. (f) HRTEM image of the PtSe», the inset shows statistical

distribution of interlayer distance.
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Figure 3 (a) The I-V curves of the heterojunction measured under dark (b) Photoresponse of the device under 808 nm
(44.2 mW/cm?) light illumination at zero bias. (c) I-V curves of the device at varied light intensity illustration (808
nm). (d) Photoresponse of the photodetector under various light intensity at 0 V. (e) Both responsivity and specific
detectivity of the PtSe,/GaAs heterojunction under 808 nm light illumination with different intensities. (f)

Photocurrent density as a function of the incident-light intensity at zero bias.
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Figure 4 (a) Wavelength-dependent responsivity and specific detectivity of PtSe./GaAs (b) Absorption spectrum of

the PtSe; film on GaAs substrate. The absorption spectra of PtSe, grown on quartz substrate under same conditions

and bare substrate were also plotted for comparison. Time-dependent photoresponse of PtSe,/GaAs hetrojunction

excited by pulsed light at 254 nm (¢) and 1200 nm (d) under zero bias condition.
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Figure 5 Geometrical and electronic band structures of the PtSe, primitive cells with (a) 1-layer (b) 2-layer, (c)

3-layer, and the 3x3 supercells with (d) Se-vacancy, (e) Pt-vacancy, and (f) interstitial incorporation of Se. The

vacant atoms of Se and Pt are denoted by the white balls in (d) and (e). The Fermi level is located at 0 eV.
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Figure 6 (a) The energy band diagram of the PtSe,/GaAs heterojunction at zero bias under illumination. (b)

Schematic illustration describing the rapid separation and movement of photo-excited carriers under illumination.
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Figure 7 (a) The schematic illustration of the setup for studying the time response of the photodetector.
Photoresponse of the self-driven PtSe,/GaAs heterojunction photodetector to pulsed light irradiation (808 nm) with a
frequency of (b) 1 kHz, (¢) 5 kHz and (d) 50 kHz, respectively. (¢) A single normalized cycle measured at 50 kHz for
estimating both response time (z;) and recovery time (zr). (f) Relative balance (Vmax - Vmin)/Vmax versus switching

frequency, showing the 3 dB cutoff frequency of ~8 kHz.
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Tablel. Comparison of characteristic parameters for 2D materials based photodetectors.

D* Measurement

Device Structure R K& i dare (Jone) conditions Spectral range <
juncti . 12 V=0V This
PtSe,/GaAs heterojunction 262 mA/W 5.5/6.5 us ~10 ~10 1 =808 nm Deep UV-NIR  work
Few layer BP phototransistor 4.8 mA/W 1/4 ms / / Vds=x0-:26\‘/m\/rg; ov Visible-NIR [3]
Graphene/GaAs nanocone array 4 1 y.,=ov .
Schottky junction 173 mAW 72122 ps ~10 ~10 1= 850 nm Visible-NIR [18]
_ _ o V=1VV,=0V
Multilayer MoS; phototransistor < 120 mA/W / / ~10 dsk 633 Visible-NIR [38]
= nm
. " y =2V
Graphene/B-Ga,Oj3 heterojunction 39.9 A/W 94.83/219.19 s / ~10 ; b1254 Deep UV [35]
= nm
. . \ v =-5V
WS,/Si heterojunction 5.7A/W 670/998 us ~10 / ; bi 660 UV-NIR [48]
= nm
) o " y =-2v
Mo0S,/Si heterojunction 11.9A/W 30.5/71.6 ps 59.9 ~10 ., bi 650 UV-NIR [49]
= nm
- . - 4 9 Vv = ov
Graphene/Si heterojunction 0.435 mA/W 1.2/3 ms ~10 ~10 N b|850 UV-NIR [50]
= nm
V =5V
Few layer WS, photosensor 0.092 mA/W 5.3/5.3 ms / / N bi514 Visible [51]
= nm
. Vs 1VV =0V
Few layer InSe phototransistor 27 AIW 0.5/1.7 s <10 / N 3703 UV-NIR [52]
= nm
L 4 10 V=0V
Graphene/Ge heterojunction 51.8 MA/W 23/108 ps ~10 ~10 N "‘1550 NIR [53]
= nm

Vi : The bias voltage; Vg, : Source-drain voltage; V,: The positive gate voltage.
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Figure 8 (a) The I-V characteristics and (b) zero-bias time-dependent photoresponse of the PtSe,/GaAs photodetector

after long-term storage. (¢) Comparison of the XPS spectra of the PtSe;, before and after 6 weeks. (d) Raman spectra

of the PtSe; film before and after 6 weeks.
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Table of Contents: This work shows the large-area growth of high quality vertically aligned
PtSe2, and its application to photodetector based on PtSe2-GaAs heterojunction which exhibited a
broadband sensitivity to illumination ranging from deep ultraviolet (DUV) to near infrared (NIR)
light, with peak sensitivity in the region from 650 to 810 nm. The high-performance broadband
photodetector will open up a new pathway for the development of next-generation 2D Group-10

materials based optoelectronic devices.
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